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Equilibrium and fractal globule models
Topologically associated domains
Lamina-associated domainsa b s t r a c t
Recent analysis of genome-wide epigenetic modiﬁcation data, mean replication timing (MRT)
proﬁles and chromosome conformation data in mammals have provided increasing evidence that
ﬂexibility in replication origin usage is regulated locally by the epigenetic landscape and over larger
genomic distances by the 3D chromatin architecture. Here, we review the recent results establishing
some link between replication domains and chromatin structural domains in pluripotent and var-
ious differentiated cell types in human. We reconcile the originally proposed dichotomic picture of
early and late constant timing regions that replicate by multiple rather synchronous origins in
separated nuclear compartments of open and closed chromatins, with the U-shaped MRT domains
bordered by ‘‘master’’ replication origins speciﬁed by a localized (200–300 kb) zone of open and
transcriptionally active chromatin from which a replication wave likely initiates and propagates
toward the domain center via a cascade of origin ﬁring. We discuss the relationships between these
MRT domains, topologically associated domains and lamina-associated domains. This review sheds
a new light on the epigenetically regulated global chromatin reorganization that underlies the loss
of pluripotency and the determination of differentiation properties.
 2015 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Eukaryotic cells enclose their genome in the limited volume of
their nucleus. This requires a highly dynamic compaction of DNA
into high-order 3D chromatin structures that contribute to
regulate nuclear functions like transcription and replication via
the interaction of distal regulatory elements [1–17]. Mammalian
genomes were early recognized to exhibit a large-scale compart-
mentalized structure whether in terms of chromatin state, GC con-
tent, replication timing or gene expression [18]. Since the initial
sequencing of complete genomes including the human genome
[19,20], the development of new techniques such as chromatin
immunoprecipitation followed by massive parallel sequencing
(ChIP-seq) [21], has enabled genome-wide analysis of many epige-
netic marks like histone modiﬁcations, histone variant incorpora-
tion as well as of various DNA-binding proteins [22–27] and ofmean-replication timing (MRT) proﬁles [28–34]. The additional
recent availability of chromatin conformation capture data [35–
43] has provided the unprecedented opportunity to establish con-
nections between isochores, epigenetic chromatin states, expres-
sion patterns and MRT 1D domains with the 3D chromatin
structural organization into specialized nuclear compartments in
various organisms and different cell types [44–58].
Pioneering studies of MRT proﬁles in mouse [30,31] and human
[28,32] have revealed the presence of Mb-scale regions with simi-
lar timing, called constant timing regions (CTRs), replicating either
early or late in the S-phase by coordinated activation of multiple
origins. These early and late MRT plateaus were shown to be sep-
arated by rather steep timing transition regions (TTRs) of size rang-
ing from 0.1 to 0.6 Mb and presumed to be replicated
unidirectionally by a single fork coming from the early domain.
In good agreement with previous studies in Drosophila [59,60],
the CTRs present some correlation with epigenetic modiﬁcations
[61]. Early CTRs are gene-rich, high GC isochore-like regions that
tend to be enriched in open chromatin marks [30,62]. In contrast
late CTRs are gene desert, low GC isochore-like regions that are
mostly associated with repressive heterochromatin marks
[30,62]. Recent modeling of the replication program in human
based on independently ﬁring origins has shown that, among a
large set of chromatin mark proﬁles, DNaseI hypersensitivity
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in precise MRT predictions in somatic cell lines [63]. Actually, each
cell type presents speciﬁc replication timing patterns with embry-
onic stem cells (ESCs) showing a clear MRT pluripotency ﬁnger-
print [64]. CTRs in ESCs are shorter than in somatic cells (400–
800 kb) but these domains merge or consolidate into larger
domains during differentiation [30,31,62]. Early-to-late MRT
changes were associated with loss of pluripotency and shown to
precede, in development, late-to-early changes associated with
germ-layer speciﬁc transcriptional activation [62]. These dynamic
changes in MRT are accompanied by some sub-nuclear reposition-
ing [30,31,62,65,66]. Early-to-late (respectively (resp.) late-to-
early) transitions occur simultaneously with a movement from
(resp. toward) the interior of the nucleus toward (resp. from) a
more peripheral location or near nucleoli [2,5,67,68]. Hi-C experi-
mental studies [39,62,69] have conﬁrmed the existence of long-
range chromatin interactions between early CTRs and between late
CTRs but not between early and late CTRs suggesting some segre-
gation in separated nuclear compartments of open and closed
chromatin. In differentiated cells, the former are likely to be dis-
persed within the nucleus whereas the latter are more peripheral
as resulting from the association of the heterochromatin protein
HP1 with lamina at the nuclear envelop. Importantly, comparison
of MRT proﬁles between human and mouse revealed a strong con-
servation of these early and late CTRs in corresponding cell lines
[62,69]. A similar comparative analysis of human and mouse data
[70] has led to the segmentation of the genome into ‘‘topological
associated domains’’ (TADs) that are largely conserved between
cell types and are of similar Mb-size than replication domains. A
recent study of 18 human and 13 mouse cell types [58] has further
conﬁrmed that early TTR borders share a near one-to-one correla-
tion with TAD boundaries strongly suggesting that these structural
domains are stable units of replication-timing regulation.
As experimentally noticed in Ref. [71], the replication rate of
TTRs is not always compatible with the unidirectional progression
of one replication fork. In these cases, the coherent ‘‘wave’’ of repli-
cation from the early to the late TTR borders necessarily implies a
more complex replication program. This observation was con-
ﬁrmed genome wide by the analysis of MRT proﬁles in seven
human cell types including ES, somatic and HeLa cells [72–74].
This study indeed revealed that in each cell type, about half of
the genome can be paved by replication U/N-domains where the
MRT is U-shaped and its derivative N-shaped like the nucleotide
compositional asymmetry in the germline skew N-domains [75–
79]. These peculiar N-shaped patterns are the signature of the exis-
tence of Mb-sized gradient of replication fork polarity [72,80,81]
originating from the bordering early initiation zones. These ‘‘mas-
ter’’ replication origins (MaOris) [14,53,73] at U/N-domain borders
were shown to be the most dynamical regions of the human gen-
ome during differentiation [72]. In concordance with the modeling
of the replication program based on DNaseI hypersensitivity [63],
MaOris were found to be speciﬁed by a rather localized (200–
300 kb) zone of open chromatin structure enriched in DNaseI
hypersensitive sites, transcriptionally active epigenetic marks,
nucleosome free regions and insulator binding protein CTCF
[72,82–84]. From these bursts of open chromatin, it was proposed
that replication waves likely initiate and propagate toward the
domain center via a cascade of (non-independent) origin ﬁring,
possibly by fork-stimulated initiation, resulting in a linear (N-
shaped) change of mean fork direction and a parabolic (U-shaped)
change of MRT across each domain [53,71–74]. (Note that the
propagation at constant velocity of two single forks originating
from the two domain borders would have instead produced a V-
shaped MRT pattern [53,72,85]). The comparative analysis of 4C
[42] and Hi-C [57,72] data with MRT proﬁles revealed that the
intra-domain sequences preferentially interact with themselvesand that U/N-domains signiﬁcantly overlap with TADs [70].
Recent application of graph theory [57,86] has conﬁrmed the cen-
tral position of the MaOris in the chromatin interaction network:
they form a set of interconnected hubs of chromatin interactions
both within and between different human chromosomes. The addi-
tional observation of a remarkable gene organization in U/N-do-
mains with a signiﬁcant enrichment of expressed genes nearby
the bordering MaOris [72,77,84,87] prompted the interpretation
of these replication domains as chromatin units of highly coordi-
nated regulation of transcription and replication [14,53,57]. The
analysis of the spatial proximity of evolutionary breakpoints
between human and mouse further showed that some aspects of
genome 3D architecture are conserved across very large evolution-
ary distances [62,64,88,89]. In particular, U/N-domain borders
were found to be enriched in mammalian evolutionary breakpoints
suggesting that evolution typically shufﬂed these structural and
functional domains rather than breaking and fusing them [88,89].
Here we start reviewing the results of a recent integrative anal-
ysis of many epigenetic mark maps (10–13) in seven different
human cell types including ES, somatic and cancer cell lines, at a
100-kb spatial resolution corresponding to MRT proﬁle resolution
[90–92]. This study revealed that the huge combinatorial epige-
netic complexity could be reduced to four prevalent chromatin
states that interestingly shared strong similarities with the ones
previously found in Arabidopsis thaliana [93], Caenorhabditis ele-
gans [94] and Drosophila [60,95]. In the different cell lines, these
four chromatin states were shown to replicate at distinct periods
of the S-phase [90,92]. These different chromatin states were also
shown to be enriched in different chromatin structural proteins
that likely contribute to the long-distance interactions observed
between distal domains of the same chromatin type via speciﬁc
binding [15,17,96]. Thus, these prevalent chromatin states are
key determinants of the regulation of the replication timing by
the dynamical 3D chromatin folding during the cell cycle and dif-
ferentiation. In this review, we speciﬁcally discuss how from the
study of the way these four prevalent chromatin states spatially
distribute in epigenetic chromatin domains along human chromo-
somes, one can improve our understanding and shed a new unify-
ing light on replication foci formation and dynamics [1–7,97],
giving credit both to the dichotomic picture with early and late
CTRs [5,30,31,39,62,64–69] for about half of the genome and to
the MRT U/N-domains [53,57,71–78] for the other half.
2. Epigenetic chromatin states correlate with the mean
replication timing
There are tens of epigenetic marks that can be present or absent
on a chromosome locus. However, independent analyses have
shown thatmost epigeneticmark combinations in plant [93], worm
[94], ﬂy [60,95] and mammals [98] are not observed, so that the
number of distinct epigenetic states is in fact very limited. In a
recent study [90–92], principal component analysis and clustering
methods were used to perform a multivariate analysis of the gen-
ome-wide distributions along human chromosomes of several epi-
genetic marks including eight histone modiﬁcations, one histone
variant and one binding protein. Note that pericentromeric regions
were not included in this study, due to the lack of data in these
regions. This analysis was carried out at 100 kb resolution in ﬁve
somatic cell types, namely an immature myeloid cell line (K562),
a monocyte cell line (Monocd14ro1746), a lymphoblastoid cell line
(Gm12878), amammary epithelial cell line (Hmec), an adult dermal
ﬁbroblast cell line (Nhdfad) and an ESC line (H1hesc). This study
revealed that the epigenetic landscapes of pluripotent and differen-
tiated cells are drastically different even though, in both cases, four
prevalent chromatin states are enough to account for the diversity
in chromatin environment along human chromosomes [92].
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differentiated cells
The four prevalent chromatin states so identiﬁed in the ﬁve dif-
ferentiated cell lines [92] are quite similar to the ones found in
K562 in a preliminary study [90] (see also [99]). C1 is a gene rich
transcriptionally active euchromatin state enriched in the histone
modiﬁcations involved in transcription positive regulation, namely
H3K4me1, H3K4me2, H3K4me3, H3K27ac, H3K36me3, H3K79me2
and H4K20me1, as well as in the histone variant H2AZ whose bind-
ing level was shown to correlate with gene activity in human [23].
C2 is a polycomb (Pc) repressed chromatin state [23,100] notably
associated with the histone modiﬁcation H3K27me3. This epige-
netic mark is recognized by the chromodomains of Pc that is
known to induce gene silencing in the so-called facultative hete-
rochromatin [23,27,99,101]. C3 can be compared to the ‘‘null’’ or
‘‘black’’ silent heterochromatin regions devoid of chromatin marks
previously found in Arabidopsis [93] and Drosophila [60,95]. C4
corresponds to a gene-poor constitutive heterochromatin state
[23,100] with all C4 100 kb loci containing the repressive mark
H3K9me3 associated with the heterochromatin protein 1 (HP1).
Note that the transcription factor CTCF that is known to establish
chromatin boundaries to prevent the spreading of heterochromatin
into transcriptionally active regions [102,103] was found in C1 and
to a lesser extent in C2.
Prevalent chromatin states in pluripotent H1hesc cell line (EC1,
EC2, EC3, EC4) are different even though they display some similar-
ities with the above described differentiated chromatin states (C1,
C2, C3, C4) [92]. We refer the reader to Fig. 2 in Ref. [92] for a
graphical representation of epigenetic mark repartition in EC1-4
vs. C1-4 chromatin states. Among these four prevalent states, only
one is transcriptionally active and three are silent. The ﬁrst one is a
gene rich euchromatin that contains all the active modiﬁcation
marks considered and is shared by pluripotent (EC1) and differen-
tiated (C1) cells. The ‘‘unmarked’’ states EC3 and C3 are also shared
and correspond to silent states not enriched in any available epige-
netic mark. The two other chromatin states bear more differences
than similarities as the signature of the global accessible character
of pluripotent chromatin [99,101]. Almost all EC2 loci were found,
like C2 loci, to be marked by H3K27me3 which is deposited by
polycomb complex PRC2 and then enhances PRC1 targeting
[104,105]. Consistently, EC2 is enriched in a subunit EZH2 of
PRC2 containing a SET domain that acts on H3K27 as a methyl-
transferase, conﬁrming the polycomb activity of this state. The
additional observation that, relatively to EC1, EC2 contains more
active mark H3K4me3 than C2 relatively to C1, is an indication of
bivalent heterochromatin associated with bivalent genes
[23,25,99,101,106,107]. EC1 and EC2 being the most genic chro-
matin states in ESCs, they both contain CTCF, as previously
observed in differentiated chromatin states C1 and C2. However,
EC2 is more enriched (via the bivalent genes) than C2 and vice
versa for EC1 and C1. Nevertheless, the most striking difference
concerns the pluripotent state EC4 whose epigenetic content is
qualitatively and quantitatively different from the one of C4 [92].
As compared to C4, EC4 contains signiﬁcantly less HP1-associated
heterochromatin mark H3K9me3 concomitant with an important
excess in the histone variant H2AZ. In contrast to its local position-
ing, mainly at gene promoters in C1/C2, and its scarcity in C4, H2AZ
is broadly distributed in EC4. H2AZ is known to be associated with
nucleosome exchange and remodeling [13,23,108,109], it thus
likely contributes to the highly dynamic properties of pluripotent
chromatin and its refractory character to HP1-associated constitu-
tive heterochromatin extension [23,27,99,101,110]. This interpre-
tation was further strengthened by the observation that unlike
C4, EC4 is enriched in CTCF which besides its insulator properties
[102,103], is also known to mediate long-range intra- andinter- chromosomal interactions [111–116]. The fact that H2AZ
was also found to be broadly distributed in the bivalent state
EC2 containing bivalent genes conﬁrmed that the polycomb
repressed state C2 resulted from the spreading of H3K27me3 in
differentiated cells [23,27,99,101,110].2.2. Replication timing of chromatin states
As compared to previous integrative analysis of epigenetic data
mainly performed at a few kb-scales characteristic of gene promot-
ers [60,93–95], the results reported in this section were obtained at
a much larger scale 100-kb allowing a direct comparison with MRT
data [90,92]. (We refer the reader to Ref. [91] for a complementary
study of the coherence between promoter activity and large-scale
chromatin environment.) This comparison was very instructive
since it revealed the existence of a strong correlation between
the four prevalent chromatin states and the MRT, and this for both
the pluripotent (H1hesc) and the differentiated (K562, Gm12878,
Nhdfad) cell lines (Fig. 1) [90,92]. The transcriptionally active
euchromatin states EC1 and C1 replicate early in the S-phase in
agreement with the previous studies of open chromatin marks in
human and mouse [30,32,34,61,62,117]. The bivalent EC2 state
and the differentiated polycomb repressed C2 facultative hete-
rochromatin state both replicate slightly later in mid-S phase, as
recently conﬁrmed by the sequencing of nascent DNA strands syn-
thetized at replication origins in human [118]. Note that this result
contrasts with previous observation that at a few kb scale, the
repressive chromatin mark H3K27me3 highly correlates to late
replication [62,119]. The silenced unmarked EC3 and C3 states as
well as the pluripotent chromatin states EC4 prepared to hete-
rochromatization and the HP1-associated heterochromatin state
C4 all replicate much later up to the end of S-phase.
Interestingly, whereas (EC1, C1) and (EC2, C2) have a clearly differ-
ent MRT, they have almost the same high mean GC content as
expected for gene-rich states in high GC isochores (Fig. 1)
[19,20,120–122]. In contrast, a deﬁnite correlation between MRT
and mean GC content was observed for the late replicating chro-
matin states. When C3 replicates before C4 (K562, Nhdfad), C3
has a higher GC content and vice versa when C3 (EC3) replicates
after C4 (EC4) (Gm12878, H1hesc) (Fig. 1). There is however a
major difference between MRT of pluripotent and differentiated
cell lines [92]. EC4 exhibits a much wider MRT distribution than
C4 with a non-negligible proportion of early replicating
(MRT < 0.5) 100 kb loci, namely 35.7% (H1hesc) as compared to
5.5% (K562), 19.2% (Gm12878) and 4.2% (Nhdfad). This is the con-
ﬁrmation of the highly dynamic character of pluripotent chromatin
states that are sufﬁciently accessible and open to enable origin ﬁr-
ing and early replication. In that respect, the MaOris ﬁring early in
EC4 chromatin state at U/N-domain borders speciﬁc to H1hesc,
were shown to play a fundamental role in the loss of pluripotency
and lineage commitment [92].3. Constant timing regions: synchronous units of multiple
origin ﬁring
3.1. Chromatin state organization inside early and late CTRs
Once mapped to the genome (Fig. 2), the four prevalent chro-
matin states EC1, EC2, EC3 and EC4 in the pluripotent H1hesc cell
line have similar genome coverages as also observed for the chro-
matin states C1, C2, C3 and C4 in differentiated cell lines (see
Table 1 in Ref. [92]). However, when looking at the length distribu-
tion of blocks of adjacent 100-kb loci in the same chromatin state,
whereas EC1, EC2, EC3 and EC4 blocks have similar length distribu-
tions, the HP1-associated heterochromatin state C4 has a block
Fig. 1. MRT and GC distributions in the four prevalent chromatin states of pluripotent H1hesc cell line: EC1 (light pink), EC2 (light orange), EC3 (light green), EC4 (light blue),
and of three differentiated cell lines (K562, Gm12878, Nhdfad): C1 (pink), C2 (orange), C3 (green), C4 (blue). First row: Boxplots (between min and max) of MRT computed in
100 kb non-overlapping windows per chromatin state. Replication data in BG02, Gm06990 and BJ were used as surrogates of replication data in H1hesc, Gm12878 and
Nhdfad respectively. Second row: Boxplots (between min and max) of GC content computed in 100 kb non-overlapping windows per chromatin state. Adapted from Julienne
et al. [92].
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C2 and C3 block length distributions which explains that, for exam-
ple, in K562, the mean C4 block length ðL ¼ 882 kbÞ is signiﬁcantly
larger that the mean block length of C1 ðL ¼ 327 kbÞ, C2
ðL ¼ 191 kbÞ and C3 ðL ¼ 438 kbÞ [90,92]. This peculiar length
property of C4 blocks is shared by all differentiated cell lines
except Gm12878 where C3 blocks are larger ðL ¼ 576 kbÞ as com-
pared to C4 blocks ðL ¼ 276 kbÞ (see Table 3 in Ref. [92]).
Interestingly, for all differentiated cell lines as well as for the ESC
line H1hesc, the association of C1 + C2 (resp. EC1 + EC2) on one
side and of C3 + C4 (resp. EC3 + EC4) on the other side, results in
Mb scale blocks of similar length distributions [90,92]. These large
blocks of active and inactive chromatins respectively correspond to
early and late CTRs that are well conserved between pluripotent
and differentiated cell lines (Fig. 2), the larger the size of the block
ðLJ1:8 MbÞ, the higher the conservation level [92]. The gene-rich,
high-GC C1 + C2 (resp. EC1 + EC2) chromatin blocks (e.g. from 72
to 78 Mb in Figs. 2 and 3A), replicate very early in the S phase by
the coordinated activation of multiple origins mainly located in
C1 (resp. EC1) active loci whereas C2 (resp. EC2) loci are more
likely replicated passively by forks coming from neighboring C1
(resp. EC1) loci. The gene-poor, low-GC C3 + C4 (resp. EC3 + EC4)
chromatin blocks (e.g. form 79 to 82 Mb in Figs. 2 and 3A), on
the contrary replicate very late by the almost synchronous ﬁring
of multiple origins. Note that these results are quite consistent
with the statistical model of Desprat et al. [32] where MRT is pre-
dicted from the distance to the nearest active promoter. Let us also
emphasize that the largest EC3 + EC4 chromatin blocks in H1hesc
(Lmax  5 Mb) turns out to be signiﬁcantly shorter than in differen-
tiated cells (Lmax  12 Mb) [90,92]. This replication domain consol-
idation induced by differentiation [30,31,72] results from an early
replication initiation zone in ESCs that no longer ﬁres early in
somatic cells leading to the merging of the two neighboringEC3 + EC4 chromatin blocks into a larger C3 + C4 chromatin block
in the differentiated cell lines.
3.2. Physical modeling of genome topology: ‘‘equilibrium’’ versus
‘‘fractal’’ globule descriptions
Analysis of the pioneering Hi-C data [39] have revealed that
early active CTRs and late inactive CTRs do not signiﬁcantly interact
suggesting that they occupy different compartments of open and
close chromatin inside eukaryote nuclei [39,62,69]. To provide
some understanding of this reported compartmentalization, some
polymer-like modeling approaches have been recently developed
[124,131,132] to account for the power-law dependencies observed
over some range of scales in both ﬂuorescent in situ hybridization
(FISH) data [4] and chromosome capture data [35–43]. These vari-
ous models predict a power-law behavior of the end-to-end dis-
tance R of a subchain of length s:
RðsÞ  sm; ð1Þ
and of the contact probability Pc between loci at genomic distance s:
PcðsÞ  1=sa with a ¼ ds=2 ¼ df =dw; ð2Þ
where ds is the spectral dimension, df the geometrical fractal dimen-
sion and dw the dynamical fractal dimension [125–127]. When an
ideal chain polymer is conﬁned to a ﬁnite (rather small) volume,
or when the attraction between monomers dominates over
excluded volume repulsion (‘‘poor solvent’’ conditions), then the
polymer undergoes a transition from the 3D uncorrelated random
walk coil into an equilibrium globule ﬁlled with random walks that
are uncorrelated to each other due to collisions with the globule
boundary. In this equilibrium globule space-ﬁlling state, df = 3 and
dw = 2 as the characteristic of diffusion law. Hence, this model pre-
dicts the following scaling exponents m = 1/2 (Eq. (1)) an a = 3/2 (Eq.
Fig. 2. MRT proﬁles along a 16 Mb long fragment of human chromosome 11 (70.1–
86.1 Mb) in ESCs and differentiated cells. Replication data in BG02 were used as
surrogates of replication data in H1hesc. Below the MRT proﬁle is shown the spatial
distribution of EC1, EC2, EC3 and EC4 chromatin state loci in H1hesc (top panel) and
of C1, C2, C3 and C4 chromatin state loci in K562, Gm12878 and IMR90 (bottom
panels). The chromatin state of each 100 kb window is represented using the same
color coding as in Fig. 1. At the bottom of the plot, intervals signiﬁcantly enriched in
H2AZ and CTCF are represented in black; in red (log2(binding ratio) > 0) and blue
(log2(binding ratio) < 0) is also reported the lamina B1 binding proﬁle in SHEF-2
(surrogate for H1hesc) and TIG3 (surrogate for IMR90). Chromatin states, H2AZ and
CTCF data in Nhdfad were used as surrogates for IMR90.
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the globule (R(s)  const and Pc(s)  const for s > N2/3 , where N is the
polymer total length) [124–127]. These theoretical predictions were
shown to be relevant to interpret FISH [131,133] and Hi-C [134]
data in S. cerivisiae. Numerical simulations have conﬁrmed that
for small chromosomes like yeast chromosomes ðNK1 MbÞ , the
time to overcome hindering entanglements and to mix and reach
equilibrium is comparable to the time duration of the cell cycle
(1 h) [131]. But for larger chromosomes as mammalian chromo-
somes, experimental data have provided different estimates of the
scaling exponents m and a. In the range of scales from 0.7 Mb to
7 Mb, FISH [131,135,136] and Hi-C [39] experiments exhibit
power-law scaling of R(s) and Pc(s) with exponents v ’ 1=3 and
a ’ 1. According to Eq. (2), this is again consistent with a space-ﬁll-
ing chromatin structure df = 3, but with a dynamical dimensiondw = 3 (>2) as the signature of anomalous diffusion (subdiffusion)
[127]. To explain these experimental results and in particular the
slower power-law decay of the contact probability P(s)  s1,
pioneering authors [39,124] have proposed as an alternative to
the equilibrium globule model, the ‘‘crumple’’ or fractal globule
model originally introduced by Grosberg et al. [128]. A fractal glob-
ule consists of crumples formed on all scales due to topological con-
straints: ﬁrst small crumples are formed as the result of some local
polymer collapses induced by the constraints imposed by other
parts of the polymer; then the so-formed thicker polymer-of-crum-
bles experiences similar collapses into larger crumples and so on.
Besides the original theoretical argumentation [128,137], numerical
simulations [39,124] have conﬁrmed that the fractal globule model
predicts scaling exponent values m = 1/3 and a = 1 , in good agree-
ment with FISH and Hi-C data. As compared to the highly knotted
and slowly equilibrating ‘‘equilibrium’’ globule model [124–126],
the fractal globule model [124] accounts for a self-organization of
the chromatin ﬁber into a long-lived, non-equilibrium unknotted
conformation allowing easy opening and closing or translocation
of chromosomal regions over large distances in the nucleus [138].
Besides facilitating chromatin loop folding and unfolding, possibly
involved in the regulation of transcription and replication, the frac-
tal globule model has another very attractive property as far as the
observed compartmentalization of the genome into mammalian
nuclei [15–17,39,43,70]. The fractal globule has a striking territorial
organization (continuous regions of the genome in the size range
0.7–7 Mb are compactly folded rather than being spread), which
strongly contrasts with the mixing observed in the equilibrium
globule. While being very appealing, the fractal globule is a long-
live intermediate state on the way to becoming an equilibrium
globule. This process is very slow (equilibration time  N3)
[124,131] and depends on the stringency of the topological con-
straints. Simulations have shown that introducing some occasional
DNA strand passing to mimick the role of DNA topoisomerase II, can
signiﬁcantly speed up equilibration of the fractal globule into an
equilibrium one [124,139]. Note that the R(s)  s1/3 (m = 1/3) scaling
observed for human chromosomes using FISH techniques has been
recovered numerically in the simulation of equilibrated unknotted
rings [124,140]. Altogether these results enlighten the potential
fundamental role of topological constraints in the segregation of
chromosome territories observed by optical microscopy during
the interphase [4,10,141,142] as well as in the emergence of a com-
partmentalization of the genome in individual chromosome as
revealed by chromatin capture experiments [15–17,39,43,70].
Finally, let us mention that models of the high-order chromatin
structure have been proposed that explicitly incorporate long-range
looping phenomenon [143,144]. Their behavior depends on the set-
ting of a number of parameters which make them difﬁcult to use to
interpret the experimental observations. We refer the reader to the
review by Fudenberg et al. [145] for a more general discussion on
the physical modeling of higher-order chromatin structure.
3.3. Epigenomic folding of active early CTRs and inactive late CTRs
As discussed just above (Sect. 2, Figs. 1–3), the chromatin ﬁber
is not a homopolymer but a heteropolymer that accounts for the
spatial compartmentalization of the epigenome into four prevalent
chromatin states likely corresponding to different structural and
mechanical properties (e.g. different persistence lengths) of the
chromatin ﬁber. As previously observed in Drosophila [95], the
3D folding of the epigenome is likely to be governed by the self-in-
teractions between chromatin states that promote physical bridg-
ing, e.g. via the speciﬁc interactions of some architectural proteins
(CTCF, Polycomb, lamina, . . .) [15–17,39,43,51,55,56,96]. Along that
line, we reanalyzed the Hi-C data in various differentiated (IMR90,
K562, Gm06990) and pluripotent (H1hesc) human cell types with
Fig. 3. (A) Hi-C contact map corresponding to intra-chromosome interactions in a 16 Mb long fragment of human chromosome 11 (70.1–86.1 Mb). Top panel: MRT proﬁles in
H1hesc (BG02, see Fig. 1) (blue) [34] and IMR90 (red) [123]. Bottom panel: Hi-C interaction frequency in H1hesc (under the diagonal) [70] and in IMR90 (above the diagonal)
[70]; on the left of (resp. above) the interaction frequency map are represented 100 kb windows belonging to 500 kb EC1 + EC2 (resp. C1 + C2) blocks (pink) and to 1 Mb
block(s) with a coverage in EC1 + EC2 (resp. C1 + C2) higher than 60% (light pink); similarly are also represented 100 kb windows belonging to 500 kb EC3 + EC4 (resp.
C3 + C4) blocks (green) and to 1 Mb block(s) with a coverage in EC3 + EC4 (resp. C3 + C4) higher than 60% (light green). (B) Same as in (A) but for a longer 40 Mb fragment of
human chromosome 2 (0.1–40.1 Mb). The green rectangles illustrate long-range interactions between late replicating C3 + C4 blocks in IMR90. The pink rectangle illustrates
the weakest interactions between early replicating C1 + C2 blocks. (C) Mean intra-chromosome Hi-C contacts vs genomic distance (logarithmic representation) between pairs
of loci located in the same (dashed curve) or in different (solid curve) early active (pink) or late inactive (green) CTRs of length LP 1 Mb in H1hesc, IMR90, K562 and
Gm06990 from left to right. The black straight lines correspond to the power-law behavior Pc  sa (Eq. (2)) predicted by the ‘‘equilibrium’’ globule model (a = 3/2) [124–127]
and the fractal globule model (a = 1) [39,124,128]. (D) Mean intra-chromosome Hi-C contacts vs genomic distance (logarithmic representation) between pairs of loci
belonging to the earliest replicating ﬁrst decile (red), and between loci in the latest (10th) decile and loci in the 10th (dark green), 7th (green), 4th (light green) and 1st (blue)
timing deciles. (E) Box plots of CTCF and Lamina B1 distributions computed in 100 kb windows in early replicating active EC1 + EC2 (resp. C1 + C2) CTRs (pink) and in late
replicating EC3 + EC4 (resp. C3 + C4) CTRs (green) in the human cell line H1hesc (resp. IMR90); Box plots are displayed between the ﬁrst and the last decile of the
distributions. CTCF chromatin immunoprecipitation data for H1hesc and IMR90 (Nhdfad) were downloaded from the ENCODE project [123]. Lamina B1 chromatin
immunoprecipitation data for H1hesc (SHEF-2) and IMR90 (TIG3) were retrieved from Refs. [129] and [130], respectively. The Hi-C data in (C) for the cell lines K562 and
Gm06990 were retrieved from Ref. [39] and were normalized to 10 million reads.
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mal contact probability between pairs of loci in the active early
replicating C1 + C2 (resp. EC1 + EC2) CTRs and between pairs of loci
in the inactive late replicating C3 + C4 (resp. EC3 + EC4) CTRs
(Fig. 3). When considering pairs of loci inside a C3 + C4 CTR or in
different distal C3 + C4 CTRs, we consistently recovered a slow
power-law decay Pc(s)  1/s (a = 1) over the range of scales from
0.7 Mb to 7 Mb, as previously obtained genome wide [39] and
this for the three considered differentiated cell types (Fig. 3C).
Interestingly, this signature of long-range interactions was no
longer observed when considering pairs of loci inside a C1 + C2
CTR or in different distal C1 + C2 CTRs. The contact probability in
these highly genic early CTRs enriched in the insulator protein
CTCF (Fig. 3E) decays much faster with genomic distance but is still
describable by a power-law Pc(s)  1/s3/2 (a = 3/2) (Fig. 3C) in
rather good agreement with the predictions of the ‘‘equilibrium’’
globule model [124–127]. The additional observation of the scar-
city of interactions between active early replicating CTR loci and
inactive late replicating CTR loci (Fig. 3C) strongly suggests some
spatial segregation in the differentiated cell nuclei. As reported in
previous works [4,15,17,101,142], active chromatin is positioned
preferentially in the nuclear interior: small gene-rich chromo-
somes spatially cluster at the center of the nucleus together with
the genic domains of longer chromosomes. The driving force (if
any) bringing these active GC-rich genomic regions toward the
nucleus center could be the colocalization of distant genes into
transcription factories [1–7] or a passive force resulting from the
preferential spatial positioning of gene-poor silent AT-rich geno-
mic regions at the nucleus periphery [17]. The inactive late-repli-
cating C3 + C4 CTRs are enriched in lamina proteins (Fig. 3E) that
are known to associate with the heterochromatin protein HP1
[146]. They likely correspond to lamina-associated heterochro-
matin domains (LADs) more or less conﬁned to the nucleus periph-
ery [129,130,147–150]. The observed Pc(s)  s1 behavior (Eq. (2))
might also be explained in the framework of the ‘‘equilibrium’’
globule model PcðsÞ  sdf =dw with df = 2 (instead of 3) and dw = 2
leading to a = 1. In this interpretation, the structure of all chro-
matin states are expected to reach equilibrium in dividing cells
and the different power-law exponents a (Eq. (2)) underline the
embedding of chromatin states in structural domains of different
geometrical dimensions. This interpretation is supported by the
results of high-resolution confocal imaging and ﬂuorescence corre-
lation spectroscopy of mouse Swiss NIH embryonic ﬁbroblast (NIH
3T3) that provide the following estimates of the heterochromatin
fractal dimension df = 2.2 ± 0.2 and of the dynamical fractal dimen-
sion dw = 2.6 ± 0.1 as the signature of subdiffusion in the crowded
heterochromatin layer at the nuclear envelop [151,152]. These
experimental estimates yield a ’ 0.85, i.e. an even slower power-
law decay of the contact probability than predicted by the ‘‘equilib-
rium’’ globule model (a = 1). Note that this is what we observed in
the mean number of interactions between inactive late C3 + C4
CTR-loci in IMR90 (a ’ 0.65 < 1) as compared to K562
(a ’ 1.1 ’ 1) and Gm06990 (a ’ 0.87[ 1) (Fig. 3C).
A recent modiﬁed version of Hi-C [153] suggests that loci
brought in contact by chromatin architecture exhibit similar
MRT. When classifying genome-wide the 100-kb windows accord-
ing to their MRT, we conﬁrmed that in differentiated cell lines, the
contact probability between loci in the latest (10th) MRT decile
and loci in the 10th, 7th, 4th, and 1st MRT deciles progressively
decreases (Fig. 3D). This can be interpreted as some evidence of
radial nuclear organization [4,7,15,41,154] consistent with the
observation that the spatial distribution of replication foci
[2,3,97] changes over the course of the S-phase from a central to
a peripheral positioning in the cell nucleus [2–7,67,155,156]. The
results reported in this study (Fig. 3), strongly suggest that thisradial nuclear organization (in somatic cells) is a typical example
of a transition between 3D and 2D equilibrium statistical physics
with the MRT as the underlying key cell type dependent parame-
ter. They are in good agreement with recent works showing that
CTCF in concert with cohesine contribute to create a favorable
chromatin architecture that promotes early replication [55,157],
whereas nuclear lamina interactions likely play a direct role in
replication origin licensing and activation [55,158].
Interestingly, when performing a similar analysis of Hi-C data in
the pluripotent H1hesc cell line (Fig. 3), we got strikingly different
results than in somatic cell lines as the signature of a unique higher-
order genome structure possibly shaped by pluripotency factors
[99–101,110,159–161]. Differently to the long-distance interac-
tions observed inside and between the nuclear lamina-associated
inactive late replicating C3 + C4 CTRs (a = 1), the mean number of
contacts between inactive late replicating EC3 + EC4 CTR loci deﬁ-
nitely decays much faster with genomic distance suggesting some
loss of spatial organization (Fig. 3B and C). Importantly, the contact
probability behaves as Pc(s)  s3/2 (a = 3/2), very much like the
power-law behavior obtained between active early replicating
EC1 + EC2 CTR loci (Fig. 3C). The additional observation that quali-
tatively and quantitatively, a similar contact frequency distribution
was also found between (inactive EC3 + EC4/active EC1 + EC2) pairs
of loci, is a strong indication that pluripotent chromatin does not
display spatial segregation and is more randomly mixed and less
engaged in speciﬁc long-range contacts [161], in consistency with
the predictions of the 3D ‘‘equilibrium’’ globule model. Although
enriched in lamina B1 (Figs. 2 and 3E) as compared to C3 + C4
CTRs, loci in EC3 + EC4 CTRs contain signiﬁcantly less HP1-associ-
ated heterochromatin mark H3K9me3 and are enriched in the his-
tone modiﬁcation variant H2AZ associated with nucleosome
exchange and remodeling and in the ATP-dependent remodeler
CHD1 [92]. This likely contributes to the highly dynamic properties
of pluripotent chromatin and its refractory character to both HP1-
and polycomb heterochromatin spreading [22,27,99–101,110].
Thus, the accessible and more relax EC3 + EC4 CTRs might be more
central in the nucleus (df = 3, dw = 2, a = 3/2) than the HP1-associ-
ated heterochromatin C3 + C4 CTRs conﬁned at the nuclear periph-
ery (df = 2, dw = 2, a = 1). Altogether, these results conﬁrm that
during differentiation, chromatin structure switches from a highly
dynamic, accessible and permissive euchromatin in ESCs to a spa-
tially compartmentalized organization with accumulating tran-
scriptionally inactive and late replicating heterochromatin regions
conﬁned at the nuclear periphery [15–17,31,62,99–101,159–161].
4. U-shaped MRT domains: sequential units of multiple origin
ﬁring from bordering master initiation zones
Complementary to the above described early active and late
inactive CTRs, the remaining half of the human genome was shown
to be paved by Mb-sized U-shaped MRT domains corresponding to
N-shaped replication fork polarity proﬁles [72–74,80,81] as
recently conﬁrmed by Okazaki fragment sequencing [162]. These
U/N-domains likely result from the superposition of speciﬁc and
efﬁcient ‘‘master’’ initiation zones (MaOris) at domain borders with
secondary origins more or less randomly dispersed inside each
domain and that subsequently ﬁre in a temporally ordered manner
at an increasing rate during S phase [53,71,72]. As proposed in
recent numerical simulations [53], these secondary origins can
either ﬁre randomly at a low rate on their own or be stimulated
by approaching forks from earlier activated origins in a cascading
manner [71,163]. The MaOris correspond to either MRT peaks com-
mon to two juxtaposed MRT U-domains [33,72,82] from which ini-
tiate two divergent accelerating replication waves, or to a common
border of an early CTR and a MRT U-domain with unidirectional
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(L) and spatial distribution of these MRT U-domains along human
chromosomes were shown to be cell-type dependent [72]. MRT U-
domains are more numerous and shorter in the pluripotent cell
line H1hesc (N = 1534, L ¼ 1:09 Mb) than in differentiated cell lines
IMR90 (N = 1150, L ¼ 1:19 Mb), K562 (N = 876, L ¼ 1:42 Mb) and
Gm12878 (N = 882, L ¼ 1:52 Mb). MRT plasticity mainly results
from early-to-late transitions from ESCs to somatic cell types con-
comitant with the disappearance of MRT U-domain borders consis-
tently with the replication consolidation scenario originallyFig. 4. (A) Hi-C contact map corresponding to intra-chromosome interactions in a
20 Mb long fragment of human chromosome 10 (73–93 Mb). Top panel: MRT
proﬁles in H1hesc (BG02, see Fig. 1, [34]) (blue) and IMR90 (red) [123]; U-domains
are marked by an horizontal (blue or red) line bordered by master replication
initiation zones corresponding to either a MRT peak () or to a common border of
early CTR and a U-domain (d). Bottom panel: Hi-C interaction frequency in H1hesc
(under the diagonal) [70] and in IMR90 (above the diagonal) [70]; on the left of
(resp. above) the interaction frequency map are represented the EC1, EC2, EC3 and
EC4 (resp. C1, C2, C3 and C4 in Nhdfad) 100-kb windows using the same color
coding as in Fig. 1. (B) Mean intra-chromosome Hi-C contacts vs genomic distance
(logarithmic representation) between two loci in the central region of two
juxtaposed U-domain separated by a MRT peak (green), or on each side and
equidistant to a MaOri bordering an early CTR and a U-domain (blue) in H1hesc (left
panel) and IMR90 (right panel). The black straight lines correspond to the power-
law behavior Pc(s)  sa (Eq. (2)) predicted by the equilibrium globule model (a = 3/
2) and the fractal globule model (a = 1). We considered only U-domains of length
LP 1.2 Mb. To avoid MRT to be a confounding factor, we excluded late U-domain
borders with MRT > 0.5.identiﬁed in mouse [30,31]. Note that MRT U-domain border
dynamic is also observed in differentiated cell types [72,92].
Indeed each cell type shares about half of their MaOris with at least
one other cell type (including the skew N-domain borders in the
germline [75–79]), but only a small proportion ðK5%Þ are ubiqui-
tous to all considered cell types [33,72,73,84,92].
4.1. From 1D chromatin state organization in MRT U-domains to 3D
chromatin folding in differentiated cell lines
As originally revealed in the K562 cell line [90], when mapping
the four prevalent chromatin states (Sect. 2) inside the Mb-sized
replication U-domains, it appears that the accelerating replication
waves initiate in a rather localized (200–300 kb) highly
expressed gene-rich open euchromatin C1 neighborhood of the
MaOris and this independently of the size of the U-domain. Then
these replication waves progress in a gradient of chromatin struc-
tures from openness (C1) at domain borders in the early S phase to
compactness (C3, C4) at domain centers at the end of S phase, via
the polycomb repressed C2 at mid S phase (Fig. 4A), possibly asso-
ciated with some movement from interior to the periphery of the
nucleus. Note that if in the K562 cell line, the HP1-associated hete-
rochromatin state C4 is conﬁned at the center of large U-domains
(J1 Mb), in other differentiated cell types like Gm12878 and spe-
cially IMR90 (Fig. 4A), this silent state spreads out along these
domains [92], as the signature of cell type dependent regulation
of the anchoring of the Lamin B1 heterochromatin to the nuclear
periphery [164]. Signiﬁcantly depleted in unmarked (C3) and con-
stitutive (C4) heterochromatin states, but signiﬁcantly enriched in
DNaseI hypersensitive sites and in the insulator-binding protein
CTCF, these C1 master initiation zones were further shown to
delimit matrix square-blocks of enriched Hi-C interactions
(Fig. 4A) [57,72]. When investigating the contact probability
between (C3, C4) loci at the centers of two juxtaposed U-domains,
we recovered the same long-range interactions over distances
0.7 Mb[ s[ 7 Mb (Fig. 4B) as previously observed between inac-
tive late (C3 + C4) CTR loci (Fig. 3C). We conﬁrmed that the power-
law decay exponent a[ 1 varies from cell type to cell type as
reﬂecting the more or less important spreading of the lamina
HP1-associated C4 state inside U-domains, larger the spreading,
stronger the long-distance interactions, smaller the a. This explains
that whereas the Hi-C matrix square-blocks corresponding to MRT
U-domains in K562 (a ’ 1.1) were qualiﬁed as self-interacting
chromatin domains with MRT peaks playing the role of insulators
[72,86], in IMR90 (a ’ 0.65) the importance of speciﬁc interactions
between C4 loci allows some bridging interactions between juxta-
posed Hi-C matrix square-blocks (Fig. 4A) as an indication of some
cross-talk between neighboring MRT U-domains via long-distance
chromatin interactions. This is quite consistent with previous
report that the nuclear lamina contact frequency of lamina
B1 associated domains (LADs) is dynamic and in part
stochastic as modulated by other proteins (e.g. Lamina A and the
barrier-to-autointegration factor BAF) in a cell type speciﬁc man-
ner [164]. In the same way, the contact probability between two
loci on each side of and equidistant to a MaOri bordering an early
CTR and a MRT U-domain decays faster on the range of distances
0:7 MbK s K7 Mb (Fig. 4B), as previously observed for pairs of
loci in separate early C1 + C2 CTRs and late C3 + C4 CTRs
(Fig. 3C and D). But this range of distances amounts to investigat-
ing chromatin interactions between neighboring MRT U-domains.
Over longer distances, graph theory tools as degree, betweenness
and spectral centralities [165] were emphasized as adequate tech-
niques to objectively quantify the importance of the MaOris in the
genome-wide Hi-C chromatin network [57,86]. When considering
the weighted intra-chromosome Hi-C network for distances sJ1
Mb, these MaOris (both MRT peaks and early CTR, U-domain
Fig. 5. Betweenness centrality (weighted graph for edges connecting loci distant by more than 1 Mb, see Ref. [57]) vs the distance to the closest MRT U-domain border in
H1hesc, IMR90 and K562 cell types: MRT peaks (green), common borders of an early CTR (distance < 0) and a U-domain (distance > 0) (blue), all (pink). We considered only U-
domains of length LP 1.2 Mb and we excluded late U-domain borders with MRT > 0.5.
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interaction network in K562 [86] corresponding to local maxima
of the betweenness centrality (see Ref. [57] for the deﬁnition of
the centralities) (Fig. 5). Betweenness centrality measures the
extent to which a node in a network lies between other nodes on
their geodesic (shortest) path. As (100-kb) nodes of high between-
ness centrality, the MaOris at U-domain borders can potentially
inﬂuence the spread of information through the network by facil-
itating, hindering, or even altering the communication between
other nodes. As reported in Ref. [86], in K562 cell line, these
MaOris not only mediate long-range interactions among distant
DNA elements within chromosomes but also in between chromo-
somes. Note that the randomly distributed early ﬁring origins in
active early CTRs sharing a common master replication origin with
a U-domain, have a similar high betweenness centrality, strongly
suggesting that early replicating C1 100-kb loci are the dominating
‘‘hubs’’ in the K562 chromatin interaction network. This is consis-
tent with the observed enrichment of these loci in CTCF (Fig. 2)
[90,92], which besides its insulator properties [102,103] is also
known to mediate long-range intra- and inter- chromosomal inter-
actions in somatic cells [111–116]. Interestingly, but not surpris-
ingly as regards to the slow power-law decay of the contact
probability previously observed in IMR90 between HP1-associated
heterochromatin C4 loci in inactive late CTRs (Fig. 3C and D) and in
the central regions of juxtaposed U-domains (Fig. 4B), the ‘‘hubs’’
of highest betweenness centrality in the IMR90 chromatin interac-
tion network are no longer early replicating C1 loci but late repli-
cating C4 loci (Fig. 5). This conﬁrms the predominant role of the
structural proteins that regulate the spreading of heterochromatin
LADs in IMR90 [164]. Note that the results obtained for Gm06990
are closer to the ones obtained in K562 (data not shown) conﬁrm-
ing the lamin associated proteins as determinant factors in mediat-
ing the long-range interactions underlying the higher-order
chromatin organization in IMR90 cell line.
4.2. MaOris at the heart of plastic pluripotent chromatin
In the smaller H1hesc MRT U-domains (Figs. 2 and 4A), the con-
centration of EC1 around the bordering master replication initia-
tion zones and the distribution of EC2 nearby in mid-S phase
proximal regions, were shown to be similar to the organization
of high-GC, gene-rich chromatin states (C1, C2) in differentiated
cells [92]. However, this is no longer true for the distributions ofthe silent EC3 and EC4 chromatin states that drastically differ from
those of C3 and C4 in somatic cells (Figs. 2 and 4A) [92]. EC3 is still
depleted at U-domain borders and mainly cover the center of the
largest U-domains. Importantly, unlike C4, EC4 is now found at
many U-domain borders as well as inside these domains. In partic-
ular among the 62% of U-domain borders that are speciﬁc to
H1hesc cell line, about a third are in EC4 and correspond to
MaOris that ﬁre early in a GC-low, gene desert environment [92].
As discussed in previous works [30,31,62,66], the early-to-late
transitions associated with the consolidation of pluripotent speci-
ﬁc EC1, EC2 and EC4 MaOris (see for example one of them at posi-
tion 83.6 Mb in the top panel of Fig. 4A) to HP1-associated C4
heterochromatin likely coincide with the emergence of compact
chromatin near the nuclear periphery and with a dramatic large-
scale 3D genome organization that may constitute an epigenetic
barrier to cellular reprogramming. When analyzing the H1hesc
Hi-C contact probability between pairs of loci in the (EC3, EC4) cen-
tral part of two juxtaposed U-domains, we found over the range of
distances 0:7 MbK sK7 Mb, a similar power-law decay
Pc(s)  s3/2 (a = 3/2) as between pairs of loci on either sides of a
master replication initiation zones common to an active early
(EC1 + EC2) CTR and a U-domain (Fig. 4B). This is totally consistent
with the similar contact probability behavior previously observed
between active early (EC1 + EC2) CTR loci, inactive late
(EC3 + EC4) CTR loci as well as between (early/late) pairs of loci
(Fig. 3C and D). This conﬁrms the absence of spatial compartmen-
talization in a more plastic and accessible pluripotent chromatin
that statistically seems to be well described by the 3D ‘‘equilib-
rium’’ globule model. Interestingly when computing the between-
ness centrality (Fig. 5), the H1hesc MaOris correspond to high
betweenness centrality values and this for MRT peaks as well as
for common borders of early CTRs and U-domains. These MaOris
were shown to be highly enriched in the key pluripotency tran-
scription factors NANOG and OCT4 that are known to have an
important role in ESC-speciﬁc interactions and in the spatial clus-
tering of pluripotency genes via the formation of (small) chromatin
loops [160,161]. These results shed a new light on these transcrip-
tion factors that likely play also a role in the maintenance of the
replication spatio-temporal program in pluripotent cells [92]. Let
us point out that among the H1hesc MRT U-domain borders, the
major ‘‘hubs’’ with highest betweenness centrality are the ones
conserved in all cell lines (data not shown). Besides being enriched
in CTCF, NANOG and OCT4, they were shown to be speciﬁed by a
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that these ubiquitous MaOris have been selected during evolution
[84,92].
5. Toward a comprehensive uniﬁed view of replication foci
Over the past years, major progress has been made in under-
standing the relationship between the 3D compartmentalization
of the genome and its function. The analysis of genome-wide
MRT, epigenetic and chromatin conformation capture data has
revealed some 1D organization of mammalian genomes into cell
type dependent Mb-sized replication domains. In human, high
(resp. low) GC, gene-rich (resp. poor), active early (resp. inactive
late) CTRs cover about 25% (resp. 25%) of the genome that are repli-
cated very early (resp. late) by the coordinated and almost syn-
chronous activation of multiple origins more or less randomly
spatially distributed [53,92]. The larger these early and late CTRs,
the higher the conservation level between pluripotent and differ-
entiated cell lines [92]. The other half of the human genome is
organized in tissue-speciﬁc U-shaped MRT domains bordered by
‘‘master’’ replication initiation zones enriched in open and tran-
scriptionally active marks [72–74,90,92]. From those borders initi-
ates a replication wave that further propagates and accelerates
toward the domain center via the successive ﬁring of secondary
origins, more or less randomly dispersed, possibly by fork-stimu-
lated initiation [53,71]. Let us note that when the distance between
the two bordering MaOris exceeds L J 3 Mb, some inactive late
CTR emerges in the central region whose length increases with
inter-origin distance. These split-MRT U-domains are reminiscent
of the skew-split-N-domains previously found in the germline
[166]. The analysis of Hi-C data has provided compelling evidence
for the existence of a 3D compartmentalization of the genome in
differentiated human cell types. Active early CTRs display long-dis-
tance interactions ð0:7 MbK sK7 MbÞ similar to the ones pre-
dicted by the 3D ‘‘equilibrium’’ globule model [124–127] as an
indication of their central positioning in the nuclear interior.
Inactive late CTRs display signiﬁcantly different long-range inter-
actions similar to the ones predicted by the 2D ‘‘equilibrium’’ glob-
ule strongly suggesting some segregation and conﬁning of these
lamina-associated heterochromatin domains to the nucleus
periphery [129,130,147–150]. The Hi-C interactions observed
inside and in between MRT U-domains conﬁrms the existence of
some radial nuclear organization with the replication waves initi-
ating from master initiation zones at the nucleus center and fur-
ther propagating toward a more peripheral heterochromatin
positioning at the nuclear membrane. This provides a very attrac-
tive understanding of the experimental observation that the spatial
distribution of replication foci changes over the course of the S-
phase from a central to a more peripheral positioning in the cell
nucleus [2–7,67,155,156]. But this 3D nuclear chromatin organiza-
tion differs between tissues and cell types as the signature of the
chromatin folding induced by the self-interaction between chro-
matin states that promote physical bridging between distal ele-
ments, e.g., via the speciﬁc interactions of some structural
proteins. Thus, in the K562 cell line, the highly active early replicat-
ing euchromatin (100 kb) loci in early CTRs and in the master repli-
cation initiation zones at MRT U-domain borders were shown to be
the main ‘‘hubs’’ in the chromatin interaction network [72,86]. The
observed enrichment of these loci in CTCF strongly suggest that
CTCF is a key factor underlying long-distance intra- and inter chro-
mosomal interactions in this cell line [111–116]. In IMR90 cell line,
as the signature of the important spreading of the HP1-associated
heterochromatin, the main ‘‘hubs’’ in the chromatin interaction
network are instead the inactive late replicating heterochromatin
loci in late CTRs and inside MRT U-domains. This suggests thatthe structural proteins that regulate the anchoring of the Lamina
B1 heterochromatin to the nuclear envelop are determinant factors
in the long-range interactions underlying the high-order chro-
matin architecture in IMR90.
Speciﬁc properties of the ESC cycle such as a high proliferation
rate and a shortened G1 phase that are necessary for self-renewal
and the maintenance of pluripotency [167,168], could explain dif-
ferences observed between chromatin landscapes, gene expression
and MRT proﬁles in pluripotent ESCs and sommatic cells
[99,101,110,159]. In mammals, many more replication origins are
licensed in G1-phase than actually needed in S-phase
[53,54,169]. Replicon size [97], which is dictated by the spacing
between active origins, was shown to correlate with length of
chromatin loops [47] and to be smaller in ESCs than in differenti-
ated cells [64], as conﬁrmed by the smaller characteristic size of
MRT U-domains in H1hesc than in somatic cell types
(Figs. 2 and 4A) [72]. The shorter G1-phase and cell cycle duration
may thus explain the highly dynamic plastic chromatin in pluripo-
tent cells as a lack of time for transcriptionally inactive heterochro-
matin to establish [99,101,110,159]. This absence of genome
compartmentalization in pluripotent cells was conﬁrmed by Hi-C
data that revealed that the pluripotent chromatin architecture sta-
tistically ressembles to the one predicted by the 3D ‘‘equilibrium’’
globule model regardless of the heteropolymer (epigenetic) nature
of the chromatin ﬁber (Figs. 3–5). As enriched in CTCF and pluripo-
tent transcription factors NANOG and OCT4, that were recently
shown to contribute to the overall folding of ESC genome via speci-
ﬁc long-range contacts [160,161], the MaOris at MRT U-domain
borders appear to be fundamental determinants of pluripotency
maintenance. In particular they are at the heart of the so-called
consolidation phenomenon [30,31,62,66] corresponding to early-
to-late transitions from ESCs to differentiated cells coinciding with
the emergence of compact heterochromatin at the nuclear periph-
ery. These results shed a new light on the role of replication in the
epigenetically regulated chromatin reorganization that underlies
the loss of pluripotency and lineage commitment [92].
Even though these replication domains were shown to be con-
served between human and mouse syntenic regions of related cell
types despite the length of evolutionary divergence [62,76,88,89],
their cell type speciﬁcity together with the associated rearrange-
ments in the 3D chromatin organization contrasts with the cell
type invariant structure of TADs [70,170]. TADs were claimed as
basic physical units of metazoan chromosomes characterized by
high intra-domains contact frequencies with conserved borders
enriched in insulator protein CTCF [70]. In pioneering works,
[70,170], TAD characteristic size was estimated 1 Mb similar to
the mean size of replication domains. A recent Hi-C experimental
study at much higher (kb) resolution has provided some reﬁned
partitioning of the human genome with TADs of mean size
180 kb [171] much closer to the estimate 100 kb previously
reported in Drosophila [95]. Interestingly, as in Drosophila, these
reﬁned TADs seem to have some speciﬁc epigenetic chromatin
state that can change dramatically its functional identity in differ-
ent cell types [17,95,171]. We are currently generalizing our inte-
grative analysis of epigenetic data at 1 kb resolution [91], to
check to which extent these new TADs have a cell type speciﬁc
chromatin environment. This study should allow us to demon-
strate that the long-range chromatin interactions studied so far
ð0:7 MbK sK7 MbÞ between TADs of similar or different chro-
matin coating are consistent with the structural-protein mediated
chromatin looping inside these topological domains. As these
prevalent chromatin states have a rather well deﬁned MRT
(Fig. 1) [90–92], epigenetic change of the chromatin identity of a
given TAD during differentiation is likely to be associated with
some change in MRT concomitant to some nuclear repositioning
2954 R.E. Boulos et al. / FEBS Letters 589 (2015) 2944–2957[30,31,54,62,65,66]. This study is likely to provide a comprehensive
understanding of transcription factories and replication foci
[1–7,97]. In that perspective, the availability of replication data
at the kb resolution will be of a fundamental importance [162,172].
So far, genome-wide methodologies require thousands to mil-
lions of cells and thus only provide population averages.
Accordingly, our understanding and modeling of chromatin-medi-
ated regulation of nuclear functions are simply a mean ﬁeld view
of the dynamic and stochastic nature of chromosomal structures.
Hence, current analyses implicitly assume that chromatin structure
is stable along the cell cycle; the validity of this assumption can be
tested using chromatin conformation experiments performed at
different time points along the cell cycle [173]. Moreover, although
the genome is faithfully replicated each cell cycle, the epigenome
coating of TADs could be in part variable between daughter cells
[15–17,51]. An important challenge for future research will be to
devise single-cell experimental strategies to move from probabilis-
tic chromosome conformations averaged over millions of cells
toward determination of chromosome and genome structure in
individual cells. Very promising pioneering single-cell Hi-C [174]
and nuclear lamina interactions [164,175] experiments have con-
ﬁrmed that intra- and inter-chromosome contact structures are
highly variable between individual cells. In particular, each cell
cycle, a different subset of LADs contact the nuclear lamina in a
rather stochastic manner and the chromosomes adopt different
conﬁgurations. This emerging highly dynamic view of chromoso-
mal organization looks very attractive as far as progressing in our
understanding of cell fate decisions of individual cells in different
organisms, in both health and disease.
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